• The relationship of thiamine deficiency to cardiac disease has been established in many species of experimental animals. 1 Most investigations of this topic have dealt with histological and biochemical aspects of thiamine deficiency while myocardial pharmacodynamics has been studied much less. An exception to this is the recent report of Boullin, who showed that the isolated, thiamine deficient rat heart was less sensitive than the normal rat heart to the positive inotropic action of epinephrine, norepinephrine, and isoproterenol. 2 These findings seem to agree with those of several other investigators who have demonstrated a defect in myocardial energy production in animals with thiamine deficiency.^Î t was the purpose of the present work to investigate the effect of thiamine deficiency on the myocardial isometric tension of rat hearts in vivo. This parameter is of major significance because it is an indication of the maximum working capacity of muscle. 6 
Methods
For these experiments 70 Sprague-Dawley male rats were used. Control rats numbering 14 received a dextrose-casein base, semisynthetic diet containing 3 mg thiamineAg- 4 The remaining 56 rats were made thiamine deficient by placing them on the same diet without thiamine. During the first two weeks, after shifting to these diets, body weight increased above the control range of 325 to 350 g by 30 to 50 g in both normal and thiamine deficient groups. However, by the end of the second week rats on the thiamine free diet began losing weight, their body weights decreasing to as low as 260 g by the end of the fifth week. The control rats continued to gain weight, increasing as high as 450 g by the end of the fifth week.
In all experiments anesthesia was induced with sodium pentobarbital (30 to 50 mg/kg IP). The usual dose was 50 mg/kg for normal rats but the rats on the diet lacking thiamine required progressively less pentobarbital for the same degree of anesthesia. This same observation has been reported in thiamine deficient dogs."
A tracheotomy was performed and artificial respiration was provided by means of a Phipps and Bird small animal, rhythmic, motor driven respirator. The right carotid artery and jugular vein were cannulated with polyethylene tubing for measurement of blood pressure and for administration of drugs, respectively. A midline thoracotomy was done and the heart exposed in order to measure isometric systolic tension (1ST) with a strain gauge lever system. 8 The two feet of the lever system were attached with cotton sutures to an 8-mm segment of the right ventricle in a vertical plane from apex to valves. The segment of muscle between the two points of attachment was stretched so as to apply an initial tension of 8 g above end diastolic tension. A tension of 8 g was employed because it resulted consistently in an increase of the tension to length ratio, whereas 10 g or more, frequently resulted in a decrease of this ratio. Therefore, the tension to length ratio under observation was always situated in the uppermost segment (70 to 90%) of the ascending portion of the Starling curve. Blood pressure was measured with a Statham (P23D) transducer, heart rate with a tachometer from impulses taken from the 1ST recordings, and the electrocardiogram from lead n. All parameters were recorded on a Sanborn polyviso recorder model 154.
Results
As mentioned previously 14 rats on a semisynthetic diet containing ample thiamine were used as controls. Figure 1 28 g with the average for all control experiments being 25.6 g. Epinephrine produced a 45% increase in 1ST ( fig. 1 ) with an average for all control experiments of 53.5% which fell off to no response in several rats that had been on the thiamine free diet for four weeks or longer. Epinephrine generally produced a slight ( fig. 1 ) to moderate bradycardia during the course of our experiments. This may have been a reflex bradycardia stimulated by the marked hypertension produced by epinephrine. Norepinephrine produced essentially the same results in 1ST, BP, and HR as did epinephrine. Figure 2 shows the trend of myocardial depression that occurred with progressive thiamine deficiency. There was little change in developed tension at the end of the first week on the thiamine free diet. By the third week, however, tension began to fall off rapidly and decreased progressively from 25.6 g in the control group to 8.0 g in the thiamine deficient group at the end of the fifth week.
We observed also a marked tendency to-
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ward the production of arrhythmias with appearance of terminal ventricular fibrillation in many instances ( fig. 2 ). Fibrillation occurred in two rats at the end of three weeks, in four at four weeks, and in seven at five weeks. Ventricular fibrillation began either during arterial cannulation, during thoracotomy, or while the lever system was being sutured to the myocardium. In many instances epinephrine produced a transient ventricular fibrillation if administered to rats after they had been on a thiamine free diet for four weeks. Eight thiamine deficient rats died while in their cages. The causes of death could not be determined in these rats but in some instances may have included ventricular fibrillation. Figure 3 shows the effect of 3 mgAg of thiamine on the ventricular premature beats and short runs of ventricular fibrillation observed in the heart of a rat that had been on the thiamine deficient diet for four weeks. This dramatic return to a relatively normal rhythm occurred in two of the seven animals that were given thiamine for this purpose. Graph showing myocardial tension developed in rats at 0 (control) and after 1, 2, 3, 4, and 5 weeks on a thiamine free diet. The first symbol on the left (ordinate) of any one plotted line is the experiment in the indicated group (see key) with the least developed tension and the last symbol on the right represents the animal developing the greatest tension in that particular group. Each point represents one experiment and one animal. Fib. (lower left) indicates that animals showed fibrillation during surgical procedures prior to placement of the strain gauge and these experiments could not be used to determine the mean tension developed at 3, 4, and 5 weeks. In all, 13 rats developed fibrillation: 2 at 3 weeks, 4 at 4 weeks, and 7 at 5 weeks. Mean tensions developed (with standard deviations) for the control and for each week on thiamine free diet are shown in lower right-hand corner with the key.
There is no way of knowing with certainty whether this acute return to normal rhythm was due specifically to thiamine administration or to other unrecognized factors. We do know, however, that an equal volume of saline did not have this effect. Four of the five rats that did not respond to thiamine had been on a thiamine free diet for five weeks.
Discussion
Owing to the lack of specific biochemical and anatomic studies there are no reports on the effect of thiamine deficiency alone on the human heart. It has been shown, however, that experimental animals on a diet deficient only with respect to thiamine, present physical changes and dynamic responses similar to those of human beings with beriberi. Cardiac catheterization of an alcoholic patient with high output failure due to beriberi heart disease revealed the depressed myocardial carbohydrate oxidation that is characteristic of the thiamine deficient dog. 9 It has been shown that an appreciable reduction of myocardial cocarboxylase (thiamine pyrophosphate) and extensive peripheral vasodilatation are required for the production of the fully developed syndrome of high output failure in thiamine deficient dogs' 1 and in human beings with beriberi/ 1 ' 10 Thiamine deficiency produces a striking example of a myocardial failure that is due to a generalized coenzyme depletion in which all tissues suffer depletion of cocarboxylase. Under these conditions the oxidation of pyruvate and lactate cannot proceed to completion. Hackel et al. showed that thiamine deficiency in dogs reduced markedly the myocardial extraction of pyruvate and lactate despite high arterial levels of these compounds. 7 Electron microscopic observations indicate that cardiac muscle is embedded in well developed oxidarive tissue. The myofibrils are found in parallel with rows of sarcosomes in which energy transfer takes place. 11 When the oxygen supply to cardiac muscle becomes inadequate, whether due to increased demands on the work capacity of the muscle or due to obstruction of blood flow, the heart must rely on stored energy which is relatively small in amount. Several investigators have reported a decreased oxygen utilization by various tissues in vitro 12 " 16 and by the dog heart in vivo 7 during thiamine deficiency. The progressively decreased ability of the thiamine deficient myocardium to develop tension, found in the present study, appears to be associated primarily with a lack of coenzyme which, in turn, produces a defect in oxygen utilization. This produces conditions similar to those found in the hypoxic heart of anemia. Effects of intravenous thiamine (3 vig/kg) on rat that had been on thiamine free diet for 4 weeks. ECG: electrocardiogram (lead II), HR: heart rate (beats/minute), BP: carotid blood pressure (mm Hg), 1ST: isometric systolic tension (g). Recording speed, 25 mm/sec.
Both thiamine deficiency and hypoxia may decrease energy production in the sarcosomes. In fact, Argus, et al. have shown that with thiamine deficiency there is, after an initial compensatory response (one to two weeks), a progressive decrease in the availability of pyruvate for mitochondrial synthesis of ATP. 16 This impairment of the oxidative system at the level of individual sarcosomes is further aggravated by a decrease of the number of sarcosomes per unit weight of tissue. The initial compensatory response reported above is consistent with the present study ( fig. 2 ) in which the myocardium maintained its ability to develop relatively normal grades of tension during the first two weeks on a thiamine free diet.
The present study and those by others 17 have shown that arrhythmias appear in the third week and that their incidence increases as thiamine deficiency progresses. Yoshitoshi et al. 17 found also that electrocardiographic changes prior to the fourth week were seldom indicative of myocardial tissue damage, but after the fifth week the damage was mainly organic. This may well be related to our finding Circulation Research, Vol. XVI, March 196} a lack of responsiveness to thiamine administration in our rats after five weeks on a thiamine free diet. In our studies, bradycardia always occurred prior to the appearance of arrhythmias and, in the past, has been described as a distinctive feature of thiamine deficiency in the rat. 18 Beznak found that the bradycardia was not abolished by vagotomy, 19 supporting the view that it is of sinus origin.2 0 Studies by several investigators indicate that the catecholamines directly affect metabolism and energy release by cardiac muscle.2 1 "2 5 In the present study it was shown that the myocardial tension developed after the administration of epinephrine rapidly decreased after two weeks on a thiamine free diet. In thiamine deficiency the decrease of myocardial response to the inotropic effect of epinephrine may be directly related to energy production by cardiac muscle. Several investigators have demonstrated a defect in myocardial energy production in animals with thiamine deficiency." This may be associated with a lack of coenzyme and a concomitant defect in oxygen utilization by the heart. The major factor of an increased load on the heart is the energy utilized to maintain muscle tension rather than to accomplish the mechanical work of pumping. If the heart does not restore itself completely during each diastole, the necessary energy for contraction is gradually depleted. This seems to be occurring in chronic thiamine deficiency as indicated by the progressive decrease of tension developed by the myocardium. The decreased inotropic response of the thiamine deficient heart to epinephrine is probably related to interference with myocardial energy liberation accompanying a reduced level of cocarboxylase.
In many instances epinephrine produced transient ventricular fibrillation if administered after four weeks on the thiamine free diet. This indicates that the automaticity of the thiamine deficient myocardium is more vulnerable to the effects of this hormone, automaticity being defined as the tendency to generate impulses. This effect, coupled with the marked increase of susceptibility of the thiamine deficient animal to cardiac arrhythmias, may be a major factor contributing to the diminished tolerance to stress that is found in thiamine deficiency. Sudden death may occur in human beriberi for the same reasons.
In conclusion, the decrease of potential cardiac contraction seen in association with thiamine deficiency appears to be due partly to a defect in myocardial energy production. The cardiac dilatation observed in thiamine deficiency would also contribute to a decrease of developed tension because the cardiac reserve tends to decrease as myocardial fibers lengthen progressively.
Summary
After rats had been on a thiamine free diet for five weeks their myocardium in vivo showed a marked decrease (69$) of developed isometric tension. During the first two weeks on a thiamine free diet developed tension was within the control range; but by three weeks the developed tension and myocardial response to epinephrine were much diminished. The susceptibility of these animals to arrhythmias was increased markedly. The incidence of arrhythmias increased as the length of time on the thiamine free diet increased. In many instances terminal ventricular fibrillation occurred. The decrease of myocardial tension or potential contractility occurring in thiamine deficiency may be attributed, at least in part, to interference with energy liberation due to a reduction in the level of cocarboxylase which limits the utilization of carbohydrate by the myocardium.
